Chilled margins were recovered from the sheeted dike complex (SDC) of superfast (>200 mm/y)-spreading East Pacific Rise-spread crust during drilling of Integrated Ocean Drilling Program Hole 1256D on the Cocos Plate. The chilled margins contain stretched spherules, oriented plagioclase laths, grain-size segregation, and color banding. These rheomorphs locally crosscut veins but are elsewhere crosscut by veins. Electron microprobe investigations found that the chilled margins comprise dispersed micrometerscale minerals and veins including chlorite, actinolite, quartz, anhydrite, sphene, calcite, sphalerite, K-feldspar (adularia and/or orthoclase), magnetite, pyrite, and chalcopyrite. Though many of these phases are present throughout the SDC, anhydrite and calcite have not been previously recognized >100 m below the SDClava transition zone, and, with one exception, K-feldspar has not been previously identified in Hole 1256D core. Microstructures include quartz clasts surrounded by anhydrite, K-feldspar veins and clasts cut or surrounded by chilled margin material, and lenses of ductily deformed sphene. Some of the crosscutting relationships and distribution of mineral phases could be explained by hydrothermal alteration that occurred roughly simultaneously with dike intrusion.
Introduction
During Integrated Ocean Drilling Program (IODP) Expedition 312, the structural geology team was impressed by the microstructure of chilled margins recovered from the sheeted dike complex (SDC) of the Pacific crust drilled in Hole 1256D. Microstructures and crosscutting relationships within and around the chilled margins led the structure team to postulate that the fracturing and hydrothermal alteration of the chilled margins occurred more or less during dike intrusion. If so, the microstructures are evidence for weakening of the crust by elevated fluid pressure (Harper and Tartarroti, 1996; Umino et al., 2008) and provide a mechanism for the generation of hydrothermal plumes at the seafloor by diking (Delaney et al., 1998) . of chilled margins. We report on qualitative identification of phases from electron dispersive spectroscopy (EDS). Also presented are some wavelength dispersive spectroscopy (WDS) analyses of feldspars in the chilled margins; the feldspars preserve alteration microstructures, including K-feldspar zoning and variable barium concentrations. Other hydrothermal phases include lenses of anhydrite, sphene, and more widely reported hydrothermal minerals such as albite, chlorite, actinolite, calcite, and quartz. We close with a brief discussion of the probable origin and significance of the microstructure, mineralogy, and composition of the chilled margins.
Downhole distribution of chilled margins
The top of the SDC is defined by the conspicuous change with depth from sheet flows to massive basalts ~1060.9 meters below seafloor (mbsf) (see the "Expedition 309/312 summary" chapter) (Fig. F1) .
The base of the SDC is defined by the uppermost gabbroic intrusion at 1404.6 mbsf (Wilson et al., 2006) . Recovery within the SDC was highly variable but averaged <12%. Above 1348 mbsf, 25 chilled margins and igneous contacts (dike boundaries without clear chilled margins) were recovered, 13 of these associated with densely fractured or veined (brecciated) basalt. The structure log tabulates the depths and orientations of these structures (see LOGS in "Supplementary material").
The dikes are mostly steeply dipping, with 15 of the 25 oriented samples containing igneous contacts dipping 70°-90° in the core reference frame. However, several igneous contacts dip <70° and some dip <50° ( Fig. F1 ) (see Fig. F312 in the "Site 1256" chapter). A recent study of logging data by Tominaga et al. (2009) indicates that the dikes dip to the northeast.
Samples from core recovered from the SDC below 1348 mbsf were pervasively recrystallized to a granoblastic texture inside the contact aureole of the underlying gabbro body (see the "Expedition 309/ 312 summary" chapter; Koepke et al., 2008) . No chilled margins of dikes were recognized in this lowermost interval, presumably owing to a combination of low recovery and a strong metamorphic overprint.
Shipboard observations of chilled margins
During Expedition 312, the structure team compiled detailed observations of hand samples and thin sections (with polarized light microscopy). We summarize those observations here, with links to the relevant figures in the "Site 1256" chapter of this volume. Kempton (1985) compiled similar observations from Deep Sea Drilling Project/Ocean Drilling Program (DSDP/ODP) Hole 504B.
Chilled margins are the fine-grained intrusive contacts where aphanitic edges of (younger) dikes are in direct contact with the coarser-grained (older) dikes (see Fig. F299 in the "Site 1256" chapter).
Variations in grain size, abundance of spherules, and alteration cause weak color banding parallel to the chilled margins. In aphanitic to finer grained parts of chilled margins, "rheomorphs"-indicators of flow age when the rock was in a molten state such as flow banding and stretched spherules-are inclined (~10°f rom parallelism) toward the chilled margin. Where grain size is coarse enough, plagioclase laths are generally oriented parallel to the chilled margins (see Fig. F294 in the "Site 1256" chapter).
In other samples there are few flow indicators, and in one instance the spherulitic texture forms a wavy pattern along the dike margin, potentially indicating static cooling; that is, cooling after magma ceased flowing through the dike conduit (see Fig. F299F , F299G in the "Site 1256" chapter).
A feature near many chilled margins is thin (<1 cm) intrusions of glassy to aphanitic basalt. In some samples these intrusions are apophyses that enclose clasts derived from the adjacent coarser grained basalt (see Fig. F300A -F300E in the "Site 1256" chapter). Elsewhere, intrusions are aphanitic to glassy basalt in veinlets or en echelon cracks adjacent to the main chilled margin (see Figs. F299H, F300B in the "Site 1256" chapter).
Chilled margins in many samples are riddled with chlorite and actinolite veins. In some samples veins are crosscut and offset by laminations in the chilled margin, whereas other veins crosscut the chilled margins (see Fig. F302 in the "Site 1256" chapter).
Where the crosscutting relations between veins and chilled margins are especially chaotic, the chilled margin was classified as a "dike-margin breccia" (see Fig. F301 in the "Site 1256" chapter).
Backscatter electron images and electron dispersive spectroscopy of chilled margins
Structures shown previously within and around chilled margins are difficult to study in hand sample and optical microscopy alone; grains can be a few micrometers to submicrometer in size, and certain phases are intermixed and indistinguishable in transmitted light. To better document these important features, we present a collection of BSEI in Fig-ures F2, F3, F4, F5 , and F6. The images were taken from areas either within, adjacent to, or at the contact of chilled margins. The thin sections studied are indicated in Figure F1 at their approximate depth. For a detailed view of thin section images, refer to "Core descriptions."
All images were taken with the University of Texas Department of Geological Sciences JEOL-8200 electron microprobe in backscatter mode at a voltage of 15 kV and a current of 15 nA.
The host rock or wallrock immediately adjacent to the chilled margins is texturally similar to the interior of the dikes with subophitic textures defined by feldspar and pyroxene or amphibole. At shallower depths, relatively unaltered clinopyroxene partially surrounds a mixture of albite and anorthite, with interstitial calcite and small grains of sphalerite locally present (Fig. F2A) ; we note that calcium carbonate is otherwise relatively scarce in Hole 1256D below the lavas . In deeper sections, clinopyroxene is completely replaced by actinolite (and/or actinolitic hornblende) and feldspars are a mixture of albite and anorthite (Fig. F2B) .
The chilled margins define relatively sharp and clean contacts with the wallrocks, cutting phenocrysts of feldspar and pyroxene ( Fig. F2C) . At relatively shallow levels of the SDC, the chilled margins comprise an aphanitic mixture of clinopyroxene and albite (replacing plagioclase) (Fig. F2D) . Locally and at deeper levels, micrometer-scale mixtures of clinopyroxene and feldspar define the texture of relatively unaltered chilled margins, possibly an original "quench" texture ( Fig. F2E ).
In hand sample and thin section, the defining quality of many chilled margins is color banding from dark gray to dark to medium green. There is no obvious change in grain size across these bands. In BSEI (with EDS), banding is due to variations in Fe content of aphantitic actinolite (Fig. F2F) .
A variety of detailed microstructures are preferentially preserved in chilled margins that are indicative of magmatic flow, such as feldspar laths with preferred orientations (Fig. F3A) . In Figure F3A , aphanitic (possibly submicrometer) material of chlorite composition surrounds the feldspar laths. Other flow and quench microstructures include widely disseminated micrometer-scale magnetite grains ( Fig. F3B ) likely formed during devitrification of glassy basalt; microfolds defined by aphanitic, finely mixed albite and chlorite (and adjacent vugs filled with actinolite) (Fig. F3C, F3D) ; spherules composed of actinolite and albite-anorthite (Fig. F3E) ; and clasts of feldspar suspended in the chilled margin (Fig. F3F) .
One of the more extraordinary microstructures in hand sample, thin section, and BSEI are lenses of material oriented parallel to and stretched along the chilled margins. In a sample from Section 312-1256D-176R-2 a lens of titanite (sphene) is deformed along a chilled margin ( Fig. F4A ) (a similar example from Pacific crust exposed in the Hess Deep Rift is presented in Hayman and Karson, 2007) . A chloriteactinolite vein cuts the lens, though the composition changes along the trace of the vein. In other chilled margins veins are more homogeneous, in many places with actinolite (and/or chlorite) surrounded by albite (Fig. F4B) . In Figure F4B , the composite actinolite-albite vein crosscuts stretched spherules and other rheomorphs but has relatively irregular vein walls. Elsewhere, actinolite fills vugs within albite veins, in turn crosscutting actinolite-rich areas of the chilled margin (Fig. F4C ).
Some additional microstructures resulting from hydrothermal alteration include lenses of aphantic aggregates of chlorite that "wrap" around the chilled margin ( Fig. F5A) , nodules of quartz and chlorite within otherwise unaltered host rock ( Fig. F5B) , nodules of quartz suspended within chlorite-actinolite and anhydrite ( Fig. F5C) , and concentrated nodules of pyrite surrounded by quartz (Fig. F5D) . Anhydrite is also found within the chilled margins, either along actinolite-chlorite veins (Fig. F5E) or as interstitial nodules surrounded by quartz and needles of iron oxides (Fig. F5F) ; initial thermomagnetic analyses confirm that magnetite is the main iron oxide phase in most dike-rock samples.
The last suite of BSEIs of note are shown in Figure F6 , where feldspars adjacent to the chilled margins show a "mottled" alteration texture, in places enriched in potassium. Such orthoclase (or its low-temperature equivalent, adularia) enrichment appears to be localized to the host rock adjacent to the chilled margins or clasts suspended within the chilled margins ( Fig.  F6A-F6C, F6E, F6F ). In places, orthoclase-rich grains are found adjacent to chlorite veins (Fig. F6D) , but here, too, the orthoclase enrichment is spatially associated with the chilled margin.
Wavelength dispersive spectroscopy of feldspar grains
Intrigued by the orthoclase in feldspars along chilled margins, we collected WDS data from eight grains in two different thin sections. Analytical standards included anorthoclase, orthoclase, and albite. We analyzed for Na 2 O, K 2 O, CaO, SiO 2 , and Al 2 O 3 weight percent, along with SrO and BaO ( Fig. F6 ), though it unfortunately led to several discarded analyses (owing to beam damage and/ or enhanced cation diffusion); analyses with totals of 98-102 wt% were considered acceptable.
Plagioclase (anorthite-albite) compositions range from ~25% to 100% albite, whereas the alkalai feldspars (albite-orthoclase) compositions range from 0% to 100% orthoclase (Fig. F7A) . Two alkalai feldspars have unusually high CaO concentrations. There is no obvious dependency on feldspar composition and microstructural position (see Table T1 , Structure column), depth, or grain habit.
Lastly, we compare SrO and BaO concentrations ( Fig.  F7B) and K 2 O and BaO concentrations; there is a weak, positive correlation between K 2 O and BaO. These were the only possible visual correlations after systematically plotting SrO and BaO against the other oxides.
Discussion and conclusions
The assemblage of anhydrite; quartz; and calcite, pyrite, sphalerite, and chalcopyrite is widely interpreted to result from hydrothermal alteration of basalts (e.g., Alt et al., 1996) . Anhydrite potentially indicates the rapid mixing of hydrothermal fluids and seawater (e.g., Bethke, 1996) . Quartz clasts suspended in anhydrite (Fig. F5C) is a structure that is reminiscent of discharge zones of hydrothermal vents (Delaney et al., 1987; Saccocia and Gillis, 1995) . The enclosure of needlelike iron oxides in quartz (Fig. F5F) and vugs of quartz + chlorite in otherwise unaltered basalt (Fig. F5B) also reflect a disequilibrium system such as that found in high-temperature hydrothermal systems. Lastly, lenses of sphene require high-pH fluids to mobilize and concentrate titanium (Fig. F4A) .
The local presence of potassium-rich alkalai feldspars (in some cases rich in SrO and/or BaO) is also indicative of hydrothermal alteration. A mineralized breccia from Core 309-1256D-122R also contained some alkalai feldspar (J.C. Alt, pers. comm., 2008) , but otherwise, potassium-rich feldspars are not widely reported in Hole 1256D or in ocean crustal rocks in general. Microstructural relationships provide some information about the relative timing of the alteration that led to the K-feldspars. For example, the feldspar phenocryst in Figure F6A is crosscut by the chilled margin that has a dominantly chloritic composition and does not have elevated potassium concentrations. In another example, in Figure F6C , a potassium-rich feldspar clast is suspended in and appears to have reacted with the surrounding chilled margin. In other words, the potassium alteration must have occurred before (or during) the formation of the chilled margin. Although K-feldspars could signify aluminum mobility, such as that reported in lower temperature (~220°C) alteration of hyaloclastites (e.g., Zierenberg et al., 1995) , they could equally reflect cation mobility, and such low temperatures did not likely prevail in the intrusive center where the chilled margin crosscutting relationships developed.
Many of the hydrothermal microstructures and minerals, such as the actinolite-chlorite-albite assemblage in veins and vugs (e.g., Fig. F5) , are found in more generally hydrothermally altered basalt, away from dike margins, and likely grew over a range of time scales and temperatures. In contrast, the Expedition 312 structural geology team preferred the interpretation that some of the microstructural crosscutting relationships formed roughly simultaneous with dike emplacement, a process inferred in modern ridge settings (Delaney et al., 1998; Curewitz and Karson, 1998) . Several of the chilled margin phases and microstructures are not found in other parts of Hole 1256D. Anhydrite, for example, is reported in cores recovered from the lavas and the upper portion of the SDC but is otherwise not thought to be widespread in the SDC (see the "Expedition 309/312 summary" chapter). The microstructure of the stretched lenses of sphene is unique to chilled margins and likely required relatively high temperature ductile deformation, such as that found along a cooling dike margin. In Hole 1256D, K-feldspars are only found in the host rock adjacent to or within the chilled margins, and the potassium alteration occurred prior to the more widespread alteration. Crosscutting relationships in scanning electron microscopy between altered clasts and grains of secondary minerals and the surrounding chilled margins certainly leaves open the hypothesis of synintrusion hydrothermal alteration. Further investigation of the Hole 1256D chilled margins using in situ isotopic analysis and more detailed and high-resolution mineralogy could potentially test this hypothesis further, and future drilling and submersible investigations of other ocean crustal localities could help determine the geologic record of intrusion-related hydrothermal fluid flow. Figure F1 . Downhole distribution of recovery. Recovery is in relative percent. Microprobe observations made at the University of Texas. * = wavelength dispersive spectroscopy analyses of feldspars. See text and the "Expedition 309/312 summary" chapter for more detail. 
